Abstract Density, viscosity, surface tension and molar volume of propylene glycol + water mixtures at 293, 298, 303, 308, 313, 318, and 323 K are reported, compared with the available literature data and the Jouyban-Acree model was used for mathematical correlation of the data. The mean relative deviation (MRD) was used as an error criterion and the MRD values for data correlation of density, viscosity, surface tension and molar volume at different investigated temperatures are 0.1 ± 0.1%, 7.6 ± 6.4%, 3.4 ± 3.7%, and 0.4 ± 0.4%, respectively. The corresponding MRDs for the predicted properties after training the model using the experimental data at 298 K are 0.1 ± 0.2%, 12.8 ± 9.3%, 4.7 ± 4.1% and 0.6 ± 0.5%, respectively for density, viscosity, surface tension, and molar volume data. 
Introduction
Density, viscosity, surface tension and molar volume of liquids are important physicochemical properties (PCPs) which affect mass and heat transfer processes in solutions. So, availability of the related data should be helpful in designing and engineering of such processes. As an example, Tubtimdee and Shotipurk (2011) reported that in the extraction of phenolic compounds from a plant source, employing propylene glycol + water or ethanol + water mixtures require lower temperatures when compared with the mono-solvent extraction systems (Tubtimdee and Shotipurk, 2011) . It is obvious that using lower temperatures for extraction of thermal liable compounds like phenolics is more valuable.
It has been observed that PCPs of solvent mixtures show deviation from ideal mixing and finding a suitable blend of solvents for a desired amount of PCP requires some experimental determinations, or accurate models. Despite the experimental determination of PCPs, a number of mathematical models have been presented for calculating PCP data. Among the similar models for correlation of PCPs of liquid mixture, the Jouyban-Acree model is perhaps one of the most accurate models (Jouyban et al., 2004a,b,c; 2005a ,b,2006 Hasan et al., 2006; Delgado et al., 2012) . The model for correlation of PCPs of the binary solvent mixtures at various temperatures is:
where PCP m,T , PCP 1,T , and PCP 2,T are the physicochemical properties under study of the mixture, solvents 1 and 2, respectively; x 1 and x 2 denote mole fractions of the solvents 1 and 2, respectively; T is the absolute temperature; and J i terms are the coefficients of the model which are computed by regressing ðln PCP m;T À x 1 Á ln PCP 1;T À x 2 Á ln PCP 2;T Þ against
using a no-intercept regression analysis.
The aims of this work are to report density, viscosity, surface tension and molar volume of propylene glycol + water mixtures at different temperatures and to give a predictive model for these properties.
Experimental

Materials
Propylene glycol was purchased from Merck, Germany. The water used in this study was of Ultra pure reagent grade type 1 water, prepared using a Millipore water purifier system (Milli-Q Synthesis, France) with the conductivity of 5.49 · 10 À6 S m À1 and TOC < 10 ppb.
Apparatus and procedures
Suitable proportions of the solvents were mixed with each other volumetrically with an uncertainty of 0.1 mL to produce different blends of propylene glycol and water by intervals of 0.10 in volume fraction. The prepared solvent mixtures were placed on a shaking water bath (Memmert, Germany) with set temperature accuracy of 0.1°C at 293, 298, 303, 308, 313, 318 , and 323 K. After at least 2 h and on assurance of equilibrium, the samples were analyzed. Mettler Toledo Densito Por- ) for density, viscosity, and surface tension, respectively. The lowest and highest standard deviations of the measurements for density were 0.0001 and 0.0008 with an overall relative standard deviation of 0.08%. These values were 0.0032, 0.0719, and 1.32% for viscosity, and 0.1534, 0.9549, and 1.12% for surface tension measurements, respectively. All measurements were done at least in triplicates.
Computational methods
The Jouyban-Acree model was used as a mathematical model for correlation of the studied PCPs in solvent mixtures. For this purpose, for each property under investigation, it has been trained with experimental data using a no-intercept regression analysis. The molar volumes (V) for binary mixtures are calculated by:
where M 1 and M 2 are the molar masses of solvents 1 and 2, respectively. The mean relative deviation (MRD) was used as error criterion as:
where N is the number of data points in each set, PCP Exp and PCP Cal are the experimental and calculated PCPs under investigation.
Results and discussion
Experimental and calculated values of density, viscosity, surface tension and molar volume data are listed in Table 1 . The behavior of density in mixtures of propylene glycol + water shows a peak at a mole fraction of $0.4 of propylene glycol. The viscosity of the binary mixtures was increased non-linearly with the mole fraction of propylene glycol. The change trend of surface tension in propylene glycol + water mixtures is decreased with the increased mole fraction of propylene glycol. Increasing pattern is observed with the molar volume data of the mixtures with respect to the mole fraction of propylene glycol. Available experimental data of density, viscosity, and surface tension of water and propylene glycol at different temperatures from the literature (MacBeth and Thompson, 1951; Nakanishi et al., 1967; Hoke and Patton, 1992; Geyer et al., 2000; George and Sastry, 2003; Sun and Teja, 2004; Jime´nez and Martı´nez, 2005) were compared with listed data in Table 1 . MacBeth and Thompson (1951) reported the density of propylene glycol + water mixtures at 308 K. Nakanishi et al. (1967) measured densities of aqueous mixtures of glycols at 298.15 K and calculated their excess molar volumes. Surface tensions at 298, 303, 308, 313, 318 and 323 K have been reported by Hoke and Patton (1992) . Geyer et al. (2000) published densities of binary mixtures of four diols including propylene glycol at 278. 15, 288.15, 298.15, 308.15 and 318.15 K. George and Sastry (2003) measured the density, vis- Table 1 Mole fraction of propylene glycol (x 1 ), experimental and calculated (by Eqs. ()()()()(4)- (7)) data of density (q), viscosity (g), surface tension (r), and molar volume (V) of propylene glycol + water binary mixtures at different temperatures. Sun and Teja (2004) . There are good agreements between available data from the literature and newly generated data in this work. Density of propylene glycol + water mixtures at 293.15, 298.15, 303.15, 318.15, and 323 .15 K was measured by Jime´nez and Martı´nez (2005) and their volumetric properties were investigated. Our measured values differ from the published literature values by no more than 0.002. The measured data cover a wider temperature range and also could be used to evaluate the reproducibility of the data measured in different laboratories. The resulted equations for density, viscosity, surface tension and molar volume calculations using the Jouyban-Acree model are:
ln r m;T ¼ x 1 Á ln r 1;T þ x 2 Á ln r 2;T À 183:307 All of these PCPs were correlated perfectly using the Jouyban-Acree model with overall MRD values of 0.1 ± 0.1%, 7.6 ± 6.4%, 3.4 ± 3.7%, and 0.4 ± 0.4% for density, viscosity, surface tension, and molar volume data, respectively. The model could be trained using measured data at 298 K and the PCP data at other temperatures and solvent compositions could be predicted by employing PCP data of mono-solvents at each temperature of interest, i.e. PCP 1,T and PCP 2,T . The resulted MRD values for predicted density, viscosity, surface tension, and molar volume data (N = 66) are 0.1 ± 0.2%, 12.8 ± 9.3%, 4.7 ± 4.1% and 0.6 ± 0.5%, respectively. The Jouyban-Acree model also produced the most accurate results among other similar models for representing the solubility of drugs in mixed solvents (Jouyban-Gharamaleki et al., 1999) , solubility of solutes in binary mixtures of supercritical fluids (Jouyban et al., 2005b) , acid dissociation constants of analytes in binary mixtures (Jouyban et al., 2005e) , electrophoretic mobility of charged species in capillary electrophoresis (Jouyban-Gharamaleki et al., 2000) and retention factors of analytes in high performance liquid chromatography (Jouyban et al., 2005d) . All these solutions PCP have been represented using the universal form of the Jouyban-Acree model, i.e., Eq. (1), whereas different algorithms were used in the literature for representing these PCPs. Training of these models (including the Jouyban-Acree model) is their main drawback which restricts their practical application. To overcome this restriction, two solutions could be employed; (a) training the model by a minimum number of experimental data and predicting the unmeasured data points (Jouyban et al., 2004a, 2005a,c) and (b) employing the globally trained version of the model (Jouyban et al., 2011) to predict the PCPs.
Conclusion
As a conclusion, the PCP data of propylene glycol + water mixtures are reported at 293 to 323 K and the model constants of the data are computed. Using these constants, it is possible to predict the PCP data in all solvent compositions of propylene glycol + water at various temperatures using the interpolation technique. The trained equations, i.e. Eqs. (4)- (7), are valid for propylene glycol + water mixtures. It is possible to include some descriptors to represent the effects of the solvent properties to provide global versions of the model. Such models have been reported for viscosity (Jouyban et al., 2011) and density of mixed solvents at various temperatures.
